In this study, total heavy metal content and its effects on soil microbiological characteristics were investigated in soil samples from an area with known long-term pollution problems. The total heavy metal concentrations of contaminated soil samples were 109 and 1558 mg/kg for Hg and As, respectively. Key microbiological parameters measured included dehydrogenase activity, ATP content and number of culturable aerobic bacteria, actinomycetes, fungi and asymbiotic nitrogenfixers. Quantitative analysis of soil microbial populations shows a marked decrease in total culturable numbers of the different microbial groups of the contaminated soil samples. Certain groups of soil microbes were particularly sensitive to long-term contamination (asymbiotic nitrogen-fixers and heterotrophic bacteria). Dehydrogenase activity was found to be a sensitive assay for determining the effect of heavy metals on physiologically active soil microbial biomass and sustains the high applicability of this parameter for soil ecotoxicological testing as reported by other authors.
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Maintenance of good soil quality is of prime importance for sustainable agriculture. Soil biology is a significant component of soil quality and microorganisms play vital roles in soil fertility and primary production through organic matter decomposition and nutrient cycling. When some stress factors such as temperature, extreme pH or chemical pollution are imposed on a natural environment, soil biota can be affected as well as the ecological processes these microorganisms regulate.
Soil may become contaminated with metals from a variety of anthropogenic sources. Various potentially toxic elements, including heavy metals, are present in industrial wastewater. Elevated concentrations of these compounds are known to affect soil microbial populations and their associated activities (1, 2) . Several studies have demonstrated that microbial parameters may be useful as indicators of changing soil conditions caused by chemical pollution (3, 4) .
The long-term effects of metals or other pollutants added to soil are very difficult to assess, as there are few such experiments and consequently few data (2, 5) . In Portugal, there is no information about the ecotoxicological effects of industrial pollutants on soil microorganisms. In this study, we selected soil samples from an area with known pollution problems where heavy metals and other pollutants have been emitted by industry for nearly 40 years. This area is particularly affected by the release of liquid effluents from fertilizer industries (mainly sulphuric acid, nitric acid, mononitrobenzene and heavy metals such as Pb, Zn, and Cd) and chemical industries (6) . These ecosystems are appropriate for studying microbial interactions, because they are historically contaminated by toxic concentrations of heavy metals. Here heavy metals are in equilibrium with the soil solution and considering that the availability of chemicals relates mostly to their occurrence and distribution in the soil solution, these ecosystems provide a good model for examining the effects of heavy metals on soil microorganisms.
The aim of this research was to evaluate changes in soil microbiological characteristics, that is dehydrogenase activity, soil ATP content and enumeration of major soil microbial groups, due to the long-term effects of industrial heavymetal pollution.
MATERIALS AND METHODS

Soil samples
Two composite soil samples were collected from the top layer (0-10 cm) of an arable field in the center of Portugal (Estarreja region). One sample was collected near an industrial effluent channel (not impermeable and rarely overflowing) and the other sample was collected 10 m away. Both soil samples were of identical texture (sandy loam) and had similar organic matter content (39 and 30 g/kg) and pH (pH 5.4). Soil samples were obtained in December 2003 and 2004 and were stored in loosely fastened plastic bags at 4°C in the dark. The extractable heavy metal concentrations in both soil samples were measured by atomic absorption spectrometry after extraction with aqua regia. Hg content was determined by adapting the method described by Stewart and Bettany (7) . Arsenic content determination was based on EPA (Environmental Protection Agency) method 3052, by total microwave digestion (Table 1) .
Enumeration of major soil microbial population groups All the following measurements were made in triplicate soil samples and the results are expressed on an oven-dry wt basis.
The total numbers of culturable heterotrophic bacteria and colony forming units (cfu) of fungi and actinomycetes were determined by serial dilution and plating on selective media. Serial dilutions of soil samples (1 g fresh weight) were made with one-fourth strength Ringers solution. Plate counts of culturally viable bacteria were made on Tryptone Soya Agar (TSA; Oxoid, Basingstone, Hampshire, England) amended with 0.1 g/l cyclohexamide. For fungi the medium was Rose Bengal Agar (RB; Oxoid) amended with 30 mg/l streptomycin sulphate. Actinomycetes were counted on Glycerol Casein Agar (6) amended with 0.05 g/l cyclohexamide. The plates were inoculated with 0.1 ml of soil suspension and cultured at 25°C for 4 to 7 d for fungi and heterotrophic bacteria and for 10 d for actinomycetes.
The estimation of the numbers of nitrogen-fixing bacteria in soil was based on the most probable number technique, using combined carbon medium (CC) (9), a semi-solid nitrogen-free medium. This medium fulfilled the requirements of a wider range of nitrogen-fixing bacteria existing in our mediterranean zone (10) . Bacterial counts were performed in five replicate tubes per dilution. Tubes exhibiting both microbial growth and acetylene reduction were scored positive for the presence of nitrogen-fixing bacteria. Acetylene reduction was detected using a gas chromatograph Varian 3800GC (Varian Analytical Instruments, Mitchell Drive, Walnut Creek, USA), fitted with 1 m × 1/8" column packed with Porapak T (80-100 mesh) (Varian Analytical Instruments), using a flame ionization detector (FID).
Dehydrogenase activity Dehydrogenase activity (DHA) was determined by the method of Tabatabai (11) using 1 ml of 3% triphenyl tetrazolium chloride (TTC) solution per 20 g of soil sample (dry weight equivalent). TTC is converted to triphenyl formazan (TPF), a red dye that is detected using a spectrophotometer (485 nm) after incubation for 24 h at 37°C. Results were expressed in µg TPF/g dry soil/24 h and were calculated from spectrophotometer calibration in the range of 0-500 µg TPF/g dry soil.
ATP content Soil ATP content was determined according to published methods (12, 13) , with some modifications. A fresh soil sample (5 g) was suspended in 50 ml of an extracting solution consisting of 0.5 M trichloroacetic acid (TCA) and 0.25 M Na 2 PO 4 . After stirring, the soil samples were sonicated for 3 min. Soil suspensions were then centrifugated at 3500 rev/min for 5 min at 4°C. Aliquots of 50 µl were taken from supernatant fractions and were transferred into polystyrene tubes, mixed with 4.95 ml of EDTATris acetate buffer (0.1 M Tris, 2 mM EDTA), pH 7.75, and vortexed for 10 s. ATP content was determined from aliquots of 150 µl by adding them to a buffered luciferin-luciferase solution. The radiation emission of the mixtures was measured using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). The estimations of ATP content in the soil samples were carried out in triplicate. Autoclaved soil extracts were used to obtain blank values. Counts over a 10 s integration time were compared with a standard curve of ATP content.
Statistic analysis Results are expressed as mean±SE. The mean values were compared using Student's t test. Differences were considered statiscally significant at P≤0.05.
RESULTS
The chemical characteristics of the two soil samples under study are shown in Table 1 . There were no differences in the pH, texture and organic matter content between the two soil samples under study. However, significant differences were observed for heavy metal content, namely, for Pb, Zn and Hg. The metalloid As also showed a high content in the contaminated soil samples (1558 mg/g dry soil). The total concentration of Hg exceeded the permissible limits established by the CEC Directive in 1986 in agricultural soil (1-1.5 mg/kg dry soil) and approached these limits in the cases of Pb (50-300 mg/kg dry soil) and Zn (150-300 mg/kg dry soil) (14) . There was a large significant difference (P ≤ 0.05) in all microbial properties between polluted and unpolluted sites.
The results of quantitative analysis of soil microbial populations are shown in Table 2 . These counts show a marked decrease in total culturable numbers of the different microbial groups for the contaminated soil samples. Aerobic heterotrophic and asymbiotic nitrogen fixing bacteria seem to be more sensitive to heavy metal contamination than the other microbial groups under evaluation, undergoing a decrease in population size of about 47% and 77% in 2003, and 67% and 77% in 2004, respectively. Differences in the viable counts of fungal and actinomycetes were also significant; however, these two microbial groups seemed to be less sensitive to the presence of heavy metals.
Soil contamination also decreased DHA and ATP content (Table 3) . DHA was found to be a sensitive assay for deter- 
DISCUSSION
Because both soil samples (polluted and unpolluted) have almost similar properties concerning texture, pH and organic matter content, it is reasonable to assume that any changes in the microbial properties of the polluted soil sample can be attributed to the effects of metal contamination, namely, from Hg and As. The heavy metal content of the contaminated soil samples exceeded that established by the CEC Directive in 1986 (14) for Hg and is very close to the permissible limits for Pb and Zn. The European Community has proposed that the maximum acceptable concentration of As in agricultural soil should be 20 mg/kg. However, a wide range of soil properties such as pH, organic matter content, clay content, iron oxide content and Eh, all alter the effects of various metal levels on soil microbes (15) . Of these, soil pH is often found to have the largest effect owing to its strong effects on solubility and speciation of metals both in soil as a whole and particularly in the soil solution. Thus, each unit decrease in pH results in approximately twofold increases in the concentrations of metals (16, 17) . The soil samples under study showed a low pH (pH 5.39), which may have contributed to an enhanced adverse effect of these contaminants. The CEC Directive (14) also points to the fact that the limit values may be reduced in soil with pH values lower than six.
DHA is widely used in evaluating the metabolic activity of soil microorganisms. Because dehydrogenases are not active independently of the parent microbial cell as extracellular enzymes in soil, the measurement of the DHA was a good overall indicator of microbial activity. DHA has been used as an indicator of microbiological activity in semi-arid Mediterranean soil (18) in agricultural soil in Germany (19) , in Mediterranean soil during the dry and wet seasons (20) , and in soil management studies (21) . DHA could be determined from the intracellular enzymes in a reduced number of microbes in soil or could be the result of differences in the composition of microbiota in stressed soil. A significant correlation between soil DHA and heavy metal content has been reported (22) . Some researchers (23) suggested that dehydrogenase assay is a useful indicator for evaluating the effect of toxic metals on soil microbial activity. Other investigations have suggested that dehydrogenase assay is a more sensitive indicator of heavy metal effects on soil microbiological properties than other soil parameters (24) .
Our results suggest a good relationship between DHA inhibition and heavy metal contamination. Additional microbiological properties were also evaluated, such as microbial counts (heterotrophic aerobic bacteria, actinomycetes, fungi and asymbiotic nitrogen-fixers) and ATP content, as indicators of soil microbial biomass. As a biological indicator process, asymbiotic nitrogen fixers were chosen because these bacteria are sensitive to small amounts of heavy metals (25) (26) (27) . Among the different groups of microorganisms under analysis, asymbiotic nitrogen fixers seem to be more sensitive to long-term contamination of metals. Nitrogen fixation is performed by phylogenetically and physiologically diverse groups of prokaryotic organisms. Because this phenomenon is quickly activated positively or negatively when environmental conditions are changed (26) , it poses a challenge to microbial ecologists in terms of diversity and activity assessment. Our results also support the idea that this group of soil bacteria plays an important role in monitoring the possible impact of heavy metal contamination. Our study also demonstrated that changes in soil conditions due to heavy metal contamination have a large negative effect on soil microbes, as evidenced by the results of the microbial counting and ATP content measurements.
As stated earlier, the principal contaminants of the contaminated soil samples under study were Hg and As. Arsenic may have a direct effect on the microbial populations present in soil (28, 29) . Worldwide, soil arsenic concentrations average 6.0 mg/kg and commonly range from 0.1 to 40 mg/kg (30) . Arsenic in soil or other metals are present in various forms because of their interactions with various soil components; therefore, the total concentration of a particular metal in soil cannot provide a precise index for evaluating its influence on soil microorganisms and enzyme activities, as stated by many authors (31) . In general, seasonal variation affects metal concentration particularly arsenic speciation. Temperature changes, particularly during dry spells, may help potentiate metal toxicity (32) . Thus, in 2004, some microbiological parameters showed a more severe reduction in the contaminated soil samples, probably due to the unusual dry conditions. Although soil As and Hg concentrations at the contaminated site are very high (1558 and 109 mg/kg), only a small fraction (the bioavailable) could be of particular concern. However, the value obtained for the bioavailable level in soil is a function of the extracting agent used, and detailed comparison of results is difficult because different workers have used different extracting agents (32) .
The effect of heavy metals on the number of culturable bacteria remains unclarified, as findings differ between studies (33) . In this investigation, the total number of cfu of bacteria, fungi and actinomycetes was reduced in the contaminated site. However, fungi and actinomycetes seem to be less sensitive than culturable heterotrophic bacteria or even asymbiotic nitrogen fixers. Various studies have found that fungi are more resistant than bacteria to long-term heavy metal contamination (33) (34) (35) . In contrast, our results differ from other findings, indicating that the actinomycetes group had lower tolerance to heavy metals than other bacteria (36) . However, studies of Hayat's group (36) were performed under in vitro conditions, and the ability of microbes to tolerate a definite level of heavy metals under natural conditions might be different owing to the complex nature of the soil environment.
Soil microbial biomass can be assessed using several methods. In soil, the ATP method has been used to study composted solid urban waste, multiyear application of metalcontaining sewage sludges and wastes from mining and manufacturing (37) . ATP content measurement appears to reflect soil biomass activity in the environment, even when both elevated levels of organic matter and heavy metals are present (38) . The reduced ATP content of the contaminated soil samples is in agreement with previous investigations (39) .
Most studies of heavy metals have been carried out with soil samples incubated under laboratory conditions. As reported in a recent review (5), there is relatively little data from long-term studies on microbial responses to heavymetal contamination caused by chronic industrial pollution. In our study, which was performed under field conditions, important long-term changes in microbiological characteristics have been observed. It is also apparent from this investigation that certain groups of soil microbes are more sensitive to long-term heavy metal contamination. DHA also promises to be a sensitive indicator of heavy-metal contamination in soil ecosystems.
